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(54) Optical device and head-mounted display using said optical device 



(57) The present invention is directed to provide a 
thin and light optical device for observing visual informa- 
tion with a large angle of visual field and a head-mount 
display (HMD) using said optical device. An optical 
device according to the present invention comprises a 
refracting means consisting of a refracting element (1a, 
1b, 1c, 1d, le, 1f, 11, 1t) with half-mirror coating (2a, 2b, 
2c, 2e, 2f, 2t) and a circularly polarized light selecting 
semitransparent mirror (3a, 3c, 6b, 6e, 6f, 6t), which are 
disposed in the descrfoed order from the incident sida 
The circularly polarized light selecting semitransparent 
mirror (3a, 3c, 6b, 6e, 6f, 6t) consists of a quarter-wave 
plate (5), a half-mirror (2) and a polarizer (4) or choles- 
teric liquid crystal (6b, 6e, 6f, 6t). which are cfisposed in 
the described order from the incident sida A thin and 
high-magnification optical system is obtained by using 
the circularly polarized light selecting semitransparent 
mirror (3a, 3c, 6b, 6e, 6f. 6t) that first reflects incident 
light (LI) in a clockwise circularly polarized fashion and 
allows the counterclockwise circularly polarized light 
having made 1.5 round trips to pass without being 
reflected. A head-mount display (HMD) according to the 
present invention includes a liquid crystal display (LCD) 
(9c, 9d, 91, 9n), a back fight (8c, 8d. 81. 8n) for the LCD 
and the above-mentioned optical device for magnifying 
an image of the LCD. 
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Description 

BACKGROUND OF THE INVENTION 

s The present invention relates to an optical device for use in an image display device and, more particularly, to a 
small -sized light-weight optical device having a super-wid angle optica] system and a head-mounted display provided 
with said optical device. 

Recently, an increasing interest has been given to head-mounted display units as means for provkfing visual infor- 
mation in virtual reality and for realizing remote control of various kinds of robots. The essential requirements for such 

10 head-mounted display units are: they must have a wide-angle of visibility and high-resolution sufficient to provide visual 
information with reality and ambience and must be minimized in sized and weight enough to be easily worn on a part 
of body, particularly, on the head. The head-mounted display has a spectacle-like casing which is wearable on the head. 
The casing contains, in each of its lens-parts, a back-fight, a liquid crystal panel (liquid crystal display) and a lens, which 
are arranged in the descrfoed order from the outside. The user can view an enlarged image on the liquid crystal panel 

is in the said head-mounted display as though he looked at the image on a large screen. 

With rapid progress in developing various liquid crystals in the past years, small-sized high-quality liquid crystal 
panels have been supplied for use in head-mounted display units. However, an optical device which is another main 
component of the head-mounted tfsplay has been insufficiently developed in respect to reducing its size and weight 
On the other hand, the head-mounted display units which have been used mainly hitherto in industrial applications 

20 and experimental applications of virtual reality, are now f incfing an increasing demand in home video-games and VTR 
display units. Accordingly, the saving in size and weight of head-mounted cfisplay units is further keenly required. 

To solve the above-mentioned problems, an art has been proposed in the Japanese Laid-Open Patent Publication 
No. 6-59217. A head-mounted display has a liquid crystal display disposed at its top, wherefrom light L travels and is 
reflected backward by a semi transparent rrirror, then is enlarged by a coraave minor ar^ 

25 eye. In the above case, the light is folded between the se m itransparent mirror and the concave mirror, thereby the optical 
device used may have a saved size as corrpared with a B nearly arranged device. 

The prior art device with the liquid crystal panel arranged at the top, however, has the drawback that a reduction in 
size may be realized only with a reduced angle of visibility. Namely, to increase the angle of visibility for obtaining visual 
information with a high sense of immersion, the semrtransparent mirror having a larger size must be used in front of the 

30 liquid crystal panel, thereby the total thickness of the head-mounted display is increased and thus nullifies the size- 
saving effect of the optical device. In the above case, the angle of visibility from an observer is limited to not more than 
90 degrees since the observer's eyes can not be advanced toward the concave mirror nearer than the semi-transparent 
mirror. 

To solve the problem of saving in size and weight of a head-mounted display, a prior art device is disclosed in 

35 Japanese laying-open Patent Publication No. 1 -1 33479. The head-mounted display has a liquid crystal display disposed 
at its top, wherefrom light L is deflected outwardly by a plane reflecting mirror, enlarged and reflected by a concave mirror 
and enters the eye. In this case, the light is folded between the plane reflecting mirror and the concave mirror, thereby 
the optical device used may have a saved size as compared with a linearly arranged device. 

The prior art device with the liquid crystal panel arranged at the top, however, has the drawback that a reduction in 

40 size may be realized only with a reduced angle of visibility. Namely, to increase the angle of vtstoilrty for obtaining visual 
information with a high sense of immension, the semi transparent mirror having a larger size must be used in front of 
the liquid crystal panel, thereby the total thickness of the head-mounted display is increased and thus nullifies the size- 
saving effect of the optical device. 

An optical device for use in a head-mounted display must be not only compact and light enough to be easily worn 

45 on the user's head but nu^ have a wide angle of visMty 

A prior art intended to solve the above-mentioned problem is disclosed in the Japanese Laying-Open Patent Publication 
No. 1 -1 26620 and Journal "VR news" vol. 3 issue 2, March 1 994. This device, however, is poor in its technical perform- 
ance. A display displays an image from which light rays pass through a circularly polarizing filter and a concave mirror 
with a half-mirror coating and then are reflected by a cholesteric liquid crystal element The reflected light rays are 

so enlarged and reflected again by the concave mirror and faD onto the cholesteric liquid crystal element through which the 
rays are transmitted to eyes of the observer. 

In the above device, the light path is fdded between the cholesteric liquid crystal element and the half-mirror coated 
concave mirror, thereby the device may have a reduced size as compared with a device using an linearly arranged optical 
system. 

55 The above-mentioned prior art involves three problems mentioned below: 

The first problem is that an image may have a targe curvature because the imag is magnified only by the concave 
mirror. When an image formed on a planar screen of a display is viewed through an optical system having a large 
curvature, said image may be focused at its center portion but be out-of-focus at its peripheral portion. On the other 
hand, the optical system for the head-mounted display must have a high magnifying power and a super-wide angle of 
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visibility to create an attractive image with an increased sense of reality. The above-mentioned optical system may 

increase the degree to which the image is out-of-focus if it is used in the prior art device In other words, the prior art is 

unsuitable for realizing the required head-mounted display. 

The second problem is the impossibility of realizing an optical system which has a large diameter and a short focal 
5 length. This is because increasing the diameter of the optical system increases the thickness of the concave mirror to 

the extent that the focus is included in the concave mirror. The head-mounted display has to suffici entry enlarge an image 

to fill the visual field. Therefore, the prior art can not be applied for this purpose. 

The third problem is that the optical system of the prior art has a lew transmission tactor (25% in an ideal case) that 

makes the image dark. To overcome this drawback, it is needed to increase the luminance of the display four times or 
10 more, causing other disadvantages such as to increasing the size of the device and the electric power consumption. 

SUMMARY OF THE INVENTION 

The primary form of the present invention is to provide a small-sized (thin) light-weight optical device which has an 
is optical system of a super-wide visual field and a short focal length to present wide-angle visual information, and to 

provide a head-mount display designed on the baste of said optical device, which is capable of presenting an attractive 

and realistic image to the user. 

Another form of the present invention is to provide an optical device which comprises a ref lecting-refracting element 

having a half-mirror coating layer and a se mi b a n sp arent mirror for selecting circularly polarized light which are arranged 
20 in the described order from the incident Gght side, and wherein the selecting semitransparent mirror selectively reflects 

or transmits incident light of a specified circular polarization causes the light to travel twice or half the path between the 

reflect ng-refracting element and the semitransparent mirror, respectively, thereby realizing increased optical power 

(magnif ication) of its refracting system and visual angle as well as a savings in size (thickness) and weight of the optical 

device. 

25 Another form of the present invention is to provide an optical devra characterized in that tto 

for selecting circularly polarized light is composed of a quarter-wave plate, a half-mirror and a polarizer, which are dis- 
posed in the described order from the incident tight side, thereby easily realizing an increased optical power (magnifi- 
cation) of its refracting system and visual angle as well as a savings in size (thickness) and weight of the optical device, 
since the quarter-wave plate, the half mirror and the polarizer are aO manufactured to be sufficiently thin by existing 

30 technology. 

Another form of the present invention is to provide an optical device, characterized in that the semi transparent 
mirror for selecting circularly polarized light is composed of a cholesteric liquid crystal display whereby the optical system 
may have an increased luminance. 

Another form of the present invention is to provide an optical device, characterized in that a glass substrate in 

35 combination with the ref lecting-refracting element is used for sandwiching the cholesteric liquid crystal therebetween to 
form an integral block, thereby making the optical device 

Another form of the present invention is to provide an optical device which comprises a plano-convex lens having 
a half-mirror coated convex surface and a cholesteric liquid crystal adjacent to a plane surface of the plano-convex lens, 
said lens and said cholesteric liquid crystal being disposed in said order from the incident fight side, thereby making the 

40 optical device more compact 

Another form of the present invention is to provide an optical device, characterized in that the cholesteric liquid 
crystal is a thin film of cholesteric liquid crystal formed on the surface of the plano-convex lens, thereby making the 
optical device more compact 

Another form of the present invention is to provide a head-mounted display, which comprises an image display 

45 device which is composed of a back light, a liquid crystal display, a quarter-wave plate and an optical device for magnifying 
an image of the liquid crystal display, thereby satisfying the essential requirements allowing mounting on the head of a 
user owing to employment of the thin compact light-weight optical device, having a widened visual angle as compared 
with the conventional head-mounted display and providing a high-quality image without curvature, which may attract an 
observer as if he is present therein. 

so Another form of the present invention is to provide an optical device, wherein a first polarizer, a first semitransparent 
mirror, a f irst quarter-wave plate, a second semitransparent mirror, a second quarter-wave plate, a second polarizer are 
successively arranged in the described order from the incident light side and a refracting element is further inserted 
between the first semi transparent mirror and the second semitransparent mirror, thereby increasing the optical power 
(magnifying factor) of the refracting element and a widened visual angle, and realizing at the same time savings in size 

55 (thickness) and weight 

Another form of the present invention is to provid an optical device, wherein a polarized light selecting semitrans- 
parent mirror, a semitransparent mirror.a first quarter-wave plate and a second quarter-wave plate are successively 
arranged in the described order from the incident light side and a refracting element is further inserted between the 
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polarized light selecting semitransparent mirror and the semitransparent mirror to improve the ratio of signal light to 
noise light so that the (transmission eff iciency) is improved. 

Another form of the present invention is to provide an optical device, wherein a first polarized light selecting semi- 
transparent mirror, a polarizing direction rotating means and a second polarized light selecting semitransparent mirror 

5 are arranged successively in the described order from the incident fight side and a refracting element is further inserted 
between the first polarized light selecting semitransparent mirror and the second polarized light selecting semitranspar- 
ent mirror so that its transmission efficiency is much increased and no noise fight is passed to the observer. 

Another form of the present invention is to provide an optical device characterized in that either one or both of the 
two se mi tr an sparent mirrors, the two se mi tr a nsparent mirrors for selecting polarized light or the sem i tr a nsparent mirror 

10 and the semitransparent mirror for selecting polarized light have curved surfaces, thereby realizing increasing the optical 
power (magnification) of its refracting system and the visual angle as wed as reducing in size (thickness) and weight of 
the optical device, increasing the transmission efficienc and completely efirrrinating the noise light 

Another form of the present invention is to provide an optical device, wherein a concave mirror having formed thereon 
a thin film of a cholesteric liquid crystal, a first quarter-wave plate, a Faraday element a second quarter-wave plate and 

is a cholesteric liquid crystal are arranged successively in the described order from the incident light side, thereby reafizing 
an increased luminance of its optical system since the chdesteric liquid crystal may selectively reflect and transmit light 
rays with 100% efficiency. 

Another form of the present invention is to provide an optical device, wherein a plano-convex mirror having a thin 
film of a cholesteric liquid crystal formed on its convex incident surface, a first quarter-wave plate adjacent to a plane 
20 surface of the plano-convex mirror, a Faraday element a second quarter-wave plate and a cholesteric liquid crystal are 
arranged successively in the descrbed order from the incident light side, thereby realizing an increased optical magni- 
fication with a reduced curvature of the image. 

Another form of the present invention is to provide a head-mount display, which comprises an image display device 
which is composed of a liquid crystal display, a back light for the fiquid crystal display and an optical device for magnifying 
25 an image of the fiquid crystal display, thereby satisfing the important essential requirements allowing mounting on the 
head of a user owing to employment of the thin compact light-weight optical device, having a widened visual angle as 
compared with the conventional head-mounted display and providing a high-quality image without curvature, which may 
attract an observer as if he is present therein. 

Another form of the present invention is to provide a head-mounted display, which uses a pair of the image display 
30 units and can be most suitably used for presenting an image of virtual reality or an image for remote control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows an example of a conventional head-mounted display. 
35 Fig. 2 shows another example of a conventional head-mounted display. 
Fig. 3 is illustrative of a working state of the art display of Fig. 2. 
Fig. 4 shows another example of a conventional head-mounted display. 
Fig. 5 shows another example of a conventional head-mounted display. 
Fig. 6 is an optical device embodying the present invention. 
40 Fig. 7 is illustrative of a semitransparent mirror (C) for selecting a circularly polarized light, which is an element of 
an optical device embodying the present invention, and descriptive of coordinates (A) and rotation (B) of the semitrans- 
parent mirror. 

Fig. 8 shows another semitransparent mirror for selecting circularly polarized fight 

Fig. 9 is an optical device embodying the present invention. 
45 Fig. 10 is a view showing an essential portion of a head-mounted display including an optical device according to 
the present invention. 

Fig. 11 is illustrative of a head-mounted display having a pair of said optical devices. 

Fig. 12A is illustrative of a head-mounted display embodying the present invention. 

Fig. 12B is illustrative of an example of a conventional tisplay (B). 
so Fig. 1 3 A is a view for explaining the function of an optical device embodying the present invention. 

Fig. 13B is a view for explaining the function of an example of a conventional optical device. 

Fig. 14A is a view for explaining the function of another optical device embodying the present invention. 

Fig. 14B is a view for explaining the function of another example of a conventional optical device 

Fig. 1 5 is a view for explaining a required specification of a head-mounted display. 
as Fig. 16 shows an example of a conventional optical device having the same required specification. 

Fig. 17 is an optical device embodying the present invention. 

Fig. 18 shows a head-mounted display using the optical device shown in Fig. 17. 

Fig. 19 is a mimic view for explaining the function of an optical system according to the present invention. 

Fig. 20 is another mimic view for explaining an optical system according to the present invention. 
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Rg. 21 is illustrative Off an embodiment of th present invention (C) and descriptiv of its coordinates (A) and rotation 

(B). 

Fig. 22 shows an embodiment of the present invention. 

Fig. 23 is illustrative of an embodiment of the present invention (C) and descriptive of its coordinates (A) and rotation 

5 (B). 

Fig. 24 is an example of an optical device composed of only a conventional lens system. 
Fig. 25 is illustrative of a semitransparent mirror for selecting a polarized light 
Fig. 26 shows a metal-made wire grating. 

Fig. 27 shows a s emitransp arent mirror for selecting a polarized light, which is manufactured by phctoGthographic 
10 method. 

Fig. 28 is illustrative of an embodiment of the present invention (C) and descriptive of its coordinates (A) and rotation 

(B). 

Fig. 29 is illustrative of a Faraday rotation element 

Fig. 30 shows an embodiment of a head-mounted display using an optical device according to the present invention. 
is Fig. 31 is illustrative of an embodiment of the present invention (C) and descriptive of its coordinates (A) and rotation 
(B). 

Fig. 32 is a view for explaining the function of an essential portion of Fig. 31 . 
Fig. 33 shows an optica) device embodying the present invention. 

20 PREFERRED EMBODIMENT OF THE INVENTION 

Recently, an increasing interest has been given to head-mounted display units, an example of which is shown in 
Fig. 1 , as means for providing a visual information in a virtual reality and for realizing remote control of various kinds of 
robots. The essential requirements for such head-mounted display units are: it must have a wide-angle of visbQity and 

25 a high-resolution power enough to provide visual information with reality and ambience and must be minimized in size 
and weight enough to be easily worn on a part of body, particularly, on the head. The head-mounted rfsplay shown in 
Fig. 1 has a spectacle-like casing 110 which is wearable on the head. The casing 1 1 0 contains, in each of its lens-parts, 
a back-light 1 08a, a liquid crystal panel (liquid crystal display) 1 09a and a lens 101a, which are arranged in the described 
order from the outsida The user P can view an enlarged image on the liquid crystal panel 109 in the said head-mounted 

30 display as though he looked the image on a large screen. 

With a rapid progress in developing various liquid crystals in the past years, small-sized high-quality liquid crystal 
panels have been suppGed for use in head-mounted cfispJay units. However, an optical device which is another main 
component of the head-mounted display has been insufficiently developed in respect to saving its size and weight. 
On the other hand, me head-mounted cfsplay units which have been used mainly hitherto in industrial applications 

35 and experimental applications of virtual reality, are new finding an increasing demand in home video-games and VTR 
display units. Accorcfingjy, the saving in size and weight of head-mounted display units is further keenly required. 

To solve the above-mentioned problems, an art shown in Fig. 2 has been proposed. The head-mounted display 
shown in Rg. 2 has a liquid crystal display 1 09b disposed at its top, wherefrom light L goes and reflected backward at 
semrtransparent mirror 102b then is enlarged by a concave mirror 120b and reflected back to the observer's eye E. In 

40 the shown case, the light is folded between the semi transparent mirror 1 02b and the concave mirror 120b, thereby the 
optical device used may have a saved size as compared with a linearly arranged device. 

The prior art device with the liquid crystal panel 109b arranged at the top as shown in Fig. 2, however, has such a 
drawback that Hs size saving effect may be realized only with a small angle of visibility. Namely, to increase angle of 
visfeil'rty for obtaining visual information with a high presence; the serrri transparent mirror having a larger size must be 

45 used in front of the liquid crystal panel, thereby total thickness of the head-mounted display is increased to nullify the 
size-saving effect of the optical device. In the shown case, as is apparent from Rg. 3, an angle of visibility from an 
observer is limited to not more than 90 degrees since the observer's eyes can not be advanced toward the concave 
mirror nearer than the semi- transparent mirror. 

To solve the problem of saving in size and weight of a head-mounted display, a prior art device iDustrated in Rg. 4. 

so is disclosed. The head-mounted display of Fig. 4 has a liquid crystal display 1 09c disposed at its top, wherefrom light L 
is deflected outwardly by a plane reflecting mirror 1 19c, enlarged and reflected by a concave minor 120c and falls into 
an eye E. In the shown case, the Gght is folded between the plane reflecting mirror 1 1 9c and the concave mirror 1 20c, 
thereby the optical device used may have a saved size as compared with a linearly arranged device. 

The prior art device with the liquid crystal panel 1 09b arranged at the top as shown in Rg. 4, however, has a drawback 

55 that its size saving effect may be realized only with a small angle of visibility. Namely, to increase angle of vistoility for 
obtaining visual information with a high presence, the semi transparent mirror having a larger size must be used in front 
of the liquid crystal panel, thereby total thickness of the head-mounted display is increased to nullify the size-saving 
effect of the optical device. 
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An optica] device tor use in a head-mounted display must be not only compact and light enough to be easily worn 
on the user's head but must have a wide angle of visibility and a short focus to provide a vivid image enchanting the 
observer. Fig. 5 is a construction view of a prior art device intended to solve the above-mentioned problem. A display 
109f disposed at the left displays an image from which Bght rays start and pass a circularly polarizing filter 104f and a 
5 concave mirror 102f with a half-mirror and then are reflected at a cholesteric Bquid crystal dement 1061 The reflected 
light rays are enlarged and reflected again by a concav mirror 102f and fall into a cholesteric liquid crystal element 106f 
through which the rays transmitted to eyes of an observer. 

In the shown device, a light path is folded between the cholesteric liquid crystal element 106f and the half-mirror 
coated concave mirror 102f, thereby the device may have a saved size as compared with a device using an optical 
io system linearly arranged therein. 

The present invention is directed to the design of an optical device by using reflected and transmitted Bght rays and 
polarized light rays from a semitransparent mirror and selectively transmitting senrdtransparent mirror while the conven- 
tional optical device is directed to use only reflected Bght rays therefrom. 

Accordingly, a semitransparent mirror for selecting circularly polarized light, which is an essential component of the 
is proposed optical devices, wiD be first described below with reference to Figs. 7 and 8 being iDustrative of working principle 
of said mirror. 

A coordinate system to be used in the further description is first defined as follows: 
Referring to Fig. 7(B), the axis being perpendicular to the paper (illustration) and directed to the front is the x- 
axis, the axis being parallel to the paper and directed upward is the y-axis and the third axis being perpencficular to the 
20 x- and y-axes and directed to the right along the paper is the z-axis. A rotation angle is an angle with respect to the y- 
axis in the x-y plane when viewing in direction of the z-axis in the three-dimensional system of Fig. 7(C). Clockwise 
rotation is defined as positive. 

Definitions on the crystal axis are as follows: 
Concerning a quarter-wave plate, it is defined that a polarized light component being normal to the crystal axis 
25 is defined as delayed with respect to a polarized fight component being parallel to the crystal axis by one quarter wave- 
length. 

Concerning a polarizer plate, it is defined that the plate transmits a polarized light component being parallel to its 
crystal axis and absorbs a polarized Gght component being perpendicular to its crystal axis. 

The same definitions are used hereinafter in the drawings and description unless otherwise specified. 

30 As shown in Fig. 7(C), in the optical device according to the present invention, a first semitransparent mirror for 
selecting circularly polarized light is composed of a quarter-wave plate 5, a half-mirror 2 and polarizer plate 4, which are 
arranged in the described order from the incident Ggfrt sida Suppose that the crystal axis of the quarter-wave plate 5 is 
directed along the y-axis (0°) and the crystal axis of the polarizer plate 4 is directed in the direction of 45°. When incident 
light strikes the circularty-polarized-light selecting semi transparent mirror from the left (of the illustration), its rays are 

35 partly reflected thereat and partly passed therethrough in a ratio depending on the direction of rotational movement of 
the circularly polarized light The clockwise circularly-polarized light is passed through the quarter-wave plate 5 and 
simultaneously converted into the linearly polarized light deflected in the direction of -45°. This linearly polarized tight 
strikes the half-mirror 2 which reflects 50% of the fight and transmits 50% of the light The reflected light enters again 
into the quarter-wave plate 5 by which it is converted into clockwise circularty-polarized light and returned into the incident 

40 sida On the other hand, the transmitted light enters into the polarizer plate 4 and is absorbed therein because it is 
polarized in the direction perpencficular to the crystal axis of the polarizer plate 4. Consequently, the clockwise circularty- 
polarized Bght is only reflected and can not pass the tircuJariy-polarized-light selecting semi-transparent mirror. 

When counterclockwise circular! y-polarized light meets the quarter-wave plate 5 from the left, it is converted into 
linearly polarized light deflected in the direction of 45°. Rays of the light are divided evenly (by 50%) into two groups, 

45 one of them is reflected by the plate and the other is passed therethrough. The reflected light passes again the quarter- 
wave plate 5 whereby it is converted into counterclockwise circularty-polarized Bght and returned into the incident side. 
On the other hand, the transmitted light that has been linearly polarized in the same direction of the crystal axis of the 
polarizer plate 4 passes therethrough and passes out the right side thereof. 

The characteristics of the circularly-polarized-Dght selecting semitransparent mirror shewn in Fig. 7 are indicated 

so below in Table 1. 
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[Table 1] 





Reflection Coefficient 


Transmission Coefficient 


Clockwise Circularly Polarized Light 


50% 


0% 


Counterclockwise Circularly Polarized Light 


50% 


50% 



70 

As is apparent from Table 1, the circularty-polarized-light selecting serritransparent mirror shown in Fig. 7(c) has 
different reflectiorHransrrission characteristics depending on the cfirection of the circular polarization. 

Fig. 8 shows a ctrcuJarry-polarized-Bght selecting semitransparerrt mirror which is different in action from the semi- 
transparent mirror shown in Fig. 7. This semrtransparent mirror 7 consists of chdesteric liquid crystal 6 sealed between 
75 two sheet glasses. While the semi transparent mirror shown in Fig. 8 needs two sheets of glass for sealing liquid crystal, 
it is also possible to use a solidified state of the liquid crystal which needs no glass sheets. 

The chotesteric Squid crystal has in itself an ability to selectively reflect clockwise or counterclockwise rircularty- 
polarized light and to transmit a counter- clockwise or clockwise drcutarfy-polarized light, respectively. When the chd- 
esteric liquid crystal is set to reflect clockwise circulaily-polaiized light, it may allow 1 00% of counterclockwise circularty- 
20 polarized light to pass therethrough in an ideal state. These characteristics of the semitra ns parerrt mirror are shown 
below in Table 2. 



[Table 2] 





Reflection Coefficient 


Transmission Coefficient 


Clockwise Circularly Polarized Light 


100% 


0% 


Counterclockwise Circularly Polarized Light 


0% 


100% 



30 

As is apparent from Table 2, the drcuJarty-polarized-fight selecting semitransparerrt mirror shown in Fig. 8 has dif- 
ferent reflection-transmission characteristics depending on the cfirection of the circular polarization and, thereby, it can 
be used as an effective optical part in ernbodiments of the present invention. 

35 Accordingly, an optical device according to the present invention can cause only the desired rays of light to recip- 
rocally travel the optical path to and from a semitr an sparerrt mirror by adaptively using reflection-transmission charac- 
teristics of the latter. Namely, the optical device, in comparison with a conventional one, may have a several-times reduced 
optical path length and a several-times increased optical power (magnification) owing to the possibility of reciprocating 
the Bght through the refracting means which therefore can exert the same effect as that of several refracting elements. 

40 Optical devices which are preferred ernbodiments of the present invention will be descrfeed below with reference 
to the related drawings. 

Fig. 6 is illustrative of an optical device embodying the present invention, which is composed mainly of a lens 1a 
with a half-mirror coating applied to one surface thereof and a ctrculariy-pdarized-l'ight selecting semitransparerrt mirror 
3a disposed against the non-coated surface of the lens 1a. 

45 In the embodiment shewn, the lens 1 a is a plano-convex lens with a half-mirror film applied to its convex surface, 
which is designed to polarize the clockwise tircularty-poiarized light coming from the left side (see illustration) as follows: 
When incident Gght. which is clockwise circularly polarized, comes from the left side and meets the half-mirror coating 
2a on the convex surface of the plano-convex lens 1 a, 50% of the light is reflected there from and 50% of the light is 
passed therethrough. The reflected rays are not used .and the transmitted rays are refracted at the convex surface of 

so the lens 1 a and travel therein. The refracted rays of the clockwise circularly polarized Bght pass through the plane surface 
of the lens 1a and. then, meet the semi transparent mirror 3a which in the embodiment shown reflects the clockwise 
circularly-polarized Gght at a specified reflection coefficient of 50% of the semitrartsparent mirror of Fig. 7 (100% of the 
mirror of Fig. 8). 

The reflected rays reach again the convex surface of the lens 1a where 50% of the rays are reflected at the half- 
55 mirror coating 2a and 50% of the rays are passed therethrough. The transmitted rays are not used and only the reflected 
rays are used, whose polarizing direction has been changed by the effect of reflection to become counterclockwise 
circularly-polarized light. The light rays then pass through the plane surface of the lens 1 a and reach the semrtransparent 
mirror 3a. Th light rays having passed therefrom are emitted from the optical device. The transmission coefficient of 
the semitransparerrt mirror 3a is 50% in the case of Fig. 7 and 100% in the case of Fig. 8. 
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rt is known that, when two curved surfaces having the same radius of curvature ar used, one for reflecting action 
and the other for refracting action, the latter may have about 4 times greater optical power than the former. In the above- 
mentioned embodiment, incident light is subjected to one refracting action and one reflecting action of the half-mirror 
coating 2a of the convex surface of the lens 1 a while making 1 .5 round trips between both surfaces thereof. In this case, 
5 the lens 1a exerts 5 times mor optical power than a single refracting lens. In other words, the proposed optical device, 
in comparison with the conventional device composed of a plurality of serially disposed lenses, may have the same 
optical power with an optical path reduced by the factor of 5. This may realize savings in size and weight of the optical 
device. 

The ctrculaity-polaiized-light selecting semi-transparent mirrors shown in Figs. 7 and 8 have (Efferent values of 

w incident Gght efficiency. For example, the semitransparent mirror shown in Rg. 7 in the above-mentioned embodment 
loses half of the light at each of the reflecting stages, passing only 1/16 (= 6.25%) of the incident Gght The semi-trans- 
parent mirror shown in Fig. 8 utilizes half of the Tight at the half-mirror and aD of the light at the reflecting and refracting 
portions and, therefore, passes 1/4 (= 25%) of the incident Bght Accordingly, an optical device using the semitransparent 
mirror of Fig. 8 in particular may produce an image with considerably increased luminance. The semitransparent mirror 

75 of Rg. 7 can be most easily manufactured by using available materials. 

Referring to Figs, 1 0 and 1 1 , a head-mounted display which uses the above-mentioned optical device according to 
the present invention will be descrfred as follows: 

The head-mounted display is an eyeglass-like case 1 0d wherein all components are contained. The head-mount- 
able eyegass-tike case 1 0d contains, in each of two portions corresponding to two lenses of eyeglass, a back light 8d, 

20 liquid crystal panel 9d f a quarter-wave plate 5d and an optical device 30d in said order from the front outsida A user P 
can see an enlarged image of the liquid crystal panel. In Rg. 11, the optical device 30d contains a semitransparent 
mirror (not shown) which is shown in detail in Rg. 10. 

In Fig. 10, the liquid crystal panel 9c may be a generally used twisted nematic type liquid crystal panel through which 
light is passed, being 0 nearly polarized in a direction along the y-axis light The crystal axis of the quarter-wave plate 

25 5c is supposed to be in the direction of -45°. The propagation of Gght in the device will be described below: 

The light starting from the back light 8c passes through the Squid crystal panel 9c, being converted into linearly 
polarized light carrying the image information. The light is then converted to clockwise circularly polarized light while 
passing through the quarter-wave plate 5a Rays of the Gght travel to the optical device shown in Rg. 10, which corrprises 
a plano-convex lens 1c with a half-mirror coating 2c applied to Hs convex surface and a ctrcularly-polarized-Bght selecting 

30 semitransparent mirror 3c attached to the plane surface of the lens 1c. The semitransparent mirror 3c is composed of 
a cholesteric liquid crystal sandwiched between two glass-substrates (or plastic substrates). 

The semitransparent mirror 3c used in this embocGment is manufactured by homeotropically afigning molecules of 
the cholesteric Bquid crystal on one treated glass substrate and over-laying thereon the other treated glass substrate. 
It is also possible to integrally manufacture a semi transparent mirror with a plano-convex lens 1b by sandwiching the 

35 cholesteric liquid crystal 6b between a plane surface of the lens 1 b and a glass substrate 7b as shown in Fig. 9. 

In Rg. 10, the clockwise circularly polarized light Li coming from the left (when looking at the illustration) strfces the 
half-mirror coat 2c on the convex surface of the lens 1c: half (50%) of the Gght is reflected therefrom and the other half 
(50%) of the light is passed therethrough. The reflected rays are not used. The transmitted rays are refracted at the 
convex surface of the lens 1c and travels thereia The refracted rays of the clockwise circularly polarized Gght pass 

40 through the plane surface of the lens 1 c and, then, meet the circularly-polarized- Tight selecting semitransparent mirror 
3c which in the embodiment shown reflects the clockwise circularly-polarized light with a reflection coefficient of 100%. 
The reflected light arrives again at the convex surface of lens 1 a and 50% of the Gght is reflected at the half-mirror coating 
2c and 50% of the light is passed therethrough. The transmitted rays are not used and only the reflected rays are used, 
whose polarization direction has been reversed by the effect of reflection and becomes counterclockwise drcularly- 

45 polarized Gght The light rays then pass through the plane surface of the lens 1a and strike the semitr an sparent mirror 
3c. The light rays having passed therethrough are emitted from the optical device. 

As descried above, the incident light is subjected to one refracting action and one reflecting action at the convex 
surface of the lens 1c whOe making 1.5-round trips between the convex surface of the lens 2c and a surface of the 
semitransparent mirror 3c. In this case, the lens 1c exerts 5 times more optical power than a single refracting lens. In 

so other words, the proposed optical device, in comparison with a conventional device composed of a plurality of serially 
disposed lenses, may have the same optical power with an optical path reduced by the factor of 5. This may realize 
savings in size and weight of the optical device. 

The design of an optical device for use in the above-described head-mounted display according to the present 
invention wilt be descrbed below: 

55 The head-mounted display requires placing therein two optical devices cfisposed in front of the respective eyes 

of a user. A pair of 60 mm. dia. lenses is used sine an average distance between human eyes is 63 mm.. Since standard 
liquid crystal displays are sized in the range of 1.5 to 2 inches, the specification of a single lens constituting the optical 
device is determined as follows: 

Form: Glass-made plano-convex lens 
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Focal length: 120 mm. 

Radius of curvature of convex surface: 60 mm 
Center thickness: 10 mm. 

Fig. 1 2A is a design drawing of the optica] device manufactured using the above-mentioned lenses, which is used 
5 in the shown embodiment of the present invention. The specification on the optical device is as follows: 
Resultant focal length: 23 mm. 
Field-of-view: 120 degrees 

Thickness from display surface to lens surface: 17 mm. 
Weight: 48 gr. 

10 In Fig. 12B, for comparison with Fig. 12A. there is shown a design drawing of a conventional optical device which 
comprises two parallel-disposed lens-systems, each consisting of 5 single lenses disposed in series to get the same 
magnification that the optical device of Fig. 1 2A has. The specification on this conventional optical device is as follows: 
Resultant focal length: 29 mm. 
Field-of-view: 100 degrees 
is Thickness from display surface to farthest lens surface: 66 mm. 

Weight 240 gr. 

Comparison of Figs. 12Aand 12B makes it dear that the optical device of Fig. 12A realizes a saving in thickness 
of 49 mm. and a saving in weight of 192 gr. per eye (by 384 gr. for both eyes) with an increased magnification and field- 
of-view as compared with the conventional optical device, ft was very difficult to make the conventional optical device 

20 have a wide field-of-view, ag. 1 20°, because this may increase the thickness of the device. On the other hand, the optical 
device according to the present invention can get an increased field-of-view with a minimal increase in its thickness. 
This feature is an essential advantage of the proposed optical device in its practical application. 

Namely, a head-mounted display must be designed to be comfortable to use by reducing its size (with a minimal 
protrusion of the lens portion) and in weight (with a minimal load to the user's face). Such a comfortable thin^and-light 

25 head-mounted display can be reaGzed by using the optical device according to the present invention, which is featured 
by its wide field-of-view and reduced thickness (1/4 in the case of Fig. 12A as compared with the conventional optical 
device). 

Figs. 13Aand 1 4A are views for explaining preferred embodiments of the present invention and their features. Fig. 
1 3B is a view of a conventional optical system composed of a concave hatf-mirror 1 02d and a cholesteric liquid crystal 

30 element 106d facing each other with an air gap therebetween. An image of a display 109d can be viewed as being 
enlarged by the user (E). The image, however, wiD in general be constantly focused not at a plane but at a curved surface 
called the Petzval image surface IP, whose curvature radius is called the Petzval raCBus representing a degree of curvature 
of the curved image surface. When an image is focused at a Petzval surface of a small Petzval radius, (i.e.. at a highly 
curved surface), its center portion is in focus but its peripheral portion is out of focus because of increasing distance 

35 between the Petzval image surface and the display. In the conventional optical system, the Petzval image surface has 
a Petzval radius of r/2, calculated according to a known formula, where the radius of curvature of the concave mirror 
102d is V. This value is very small. 

Referring to Fig. 1 3 A, an optical device, which is an embodiment of the present invention, comprises a plano-convex 
lens wrth a rarf^rror coating 2e applie<l torts convex sun^ce arid a cholesteric liquid o^ste! elemert 6e attached dose 

40 to a plane surface of the plano-convex lens 1e. This optical device differs from the pri 

the convex surface and the plane surface is rilled with glass or plastic material serving as refracting means. The Petzval 
radius of this optical device is calculated to be V. Namely, the degree of curvature the image surface can be reduced 
by 1/2 by using the refracting material. The optical device thus constructed can produce an image surface being more 
in focus. 

45 A super-wide-angle short-focusing optical system for use in a head-mounted display, which could not be manufac- 
tured because of increased curvature of the image surface, can be now realized according to the present invention. A 
head-mounted display using the optical device provided by the present invention may produce images with an increased 
sense of presence for the user. 

Referring to Figs. 14A and 14B, other effects of the above-mentioned embodiment of the present invention wiD be 

so descrbed as follows: 

Fig. 14B relates to a prior art device wherein light emitted from a display 109e is clockwise circularly polarized 
light R (to be generated in practice when a circularly polarized light filter or a quarter-wave plate is disposed in front of 
the display 109e). The light first passes through a half-mirror coated concave mirror 102e and arrives at a cholesteric 
liquid crystal element 106e which has a property to reflect all circularly polarized light having one polarized direction 
55 and transmit all circularty polarized light having the other polarizing direction. The cholesteric liquid crystal element 1 06e 
is assumed to have been designed to reflect the clockwise circularly polarized light R. Therefore, the light R is totally 
reflected therefrom and arrives again at the half-mirror coated concave mirror 102a The light is magnified and, at the 
same time, is reflected therefrom, changing its polarized direction to counterclockwise. The counterclockwise polarized 
light L reflected therefrom arrives at the cholesteric liquid crystal element 106e which this time allows at) of the light to 
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pass therethrough because the Gght is counterclockwise circularly polarized. Th light L then falls on the user's eye (E). 
Accordingly, with the display 109e deposed near the focus of this optical system, the user can observe a magnified 
virtual image of the Display 109e. In this case, the power (a reciprocal of the focal length) of the optical system exists 
only in the concave mirror 102 having a radius "r" of curvature and its value is equal to 2A. 

5 Fig. 14A shows the embodiment of the present invention, wherein light is assumed, like the case of the prior art 
device to be a circularly polarized light emitted from a display 9f. This incident light passes through the convex surface 
of a plano-convex lens 1f, being refracted thereat, and travels therein toward the adjacent thereto cholesteric liquid 
crystal element 6f whereby the light is reflected back. The reflected light is then enlarged and reflected by the internal 
concave surface of the harf-rnirror-coated plano-convex lens 1 f and arrives again at the cholesteric liquid crystal element 

w 6f. In this point, the light passes the element 6f and falls onto the user's eyes E. The shown embodiment differs from the 
prior art by the following two points: first the incident light is refracted when first passing through the lens 1 f by a convex 
surface thereof, and second, reflection of light at the inner convex surface is conducted in glass or plastic which have a 
refractive index larger than that of air. Owing to these features, the optical system of the shewn embodiment has an 
increased power and a reduced focal length with the same configuration as that of the prior art lens system. 

is These advantages can be evaluated as follows: 

When the convex surface of plano-convex lens 1 f has the same curvature radius V as that of the prior art and 
the refractive index of the glass or plastic medium is equal to 1 .5. the tens can exert the optical power of 0.5/r to refract 
the light and the optical power of 3/rto reflect the light at the inner concave surface. Accordingly, the resultant optical 
power of the lens of thickness t is within the range from 3fr to 3.5/r when t >= r/4 . Namely, according to the present 

20 invention, it is possible to provide an optical system whose optical power is 1.5 to 1.75 times that of a similarly formed 
conventional optical system and whose focal length is corresponcfingly shortened. Application of a thus designed optical 
system to a head-mounted display is particularly effective to create a highly magnified super-wide angle image with an 
increased sense of reality, in a casing which is the same in size as the conventional device. An example of more detailed 
evaluation will be done for another embodiment of the present invention. 

25 A further improved optical device can be obtained by forming cholesteric liquid crystal as a thin film on a plane 
surface of a plano-convex lens instead of using the cholesteric liquid crystal element One method for forming a chol- 
esteric Gquid crystal film on the plane surface of a plano-convex lens is described as follows: A mixed solution of chol- 
esteric Gquid crystal monomer and initiator is prepared and applied uniformly to the plane surface of the plano-convex 
lens. The mixed solution applied to the plane surface of the lens is then subjected to radiation by ultraviolet light The 

30 cholesteric liquid crystal rx>rymerizes to form a solid fOm thereoa 

A head-mounted display constructed as shown in Fig. 1 1 must be required in particular to use an optical system 
that has a reduced size and weight and has a minimized distortion. An optical system according to the present invention, 
which is intended for use in a head-mounted display, will be descrfoed below and compared with a conventional optical 
device. 

35 The required specification of the optical device is first determined as follows: 

A visual field necessary for a user to experience subjective immersion in a scene is considered to be in the range 
of 100°. Accordingly, the diagonal of the visual field must be 100° to produce an intense impression of reality for a 
displayed image in the head-mounted cfisplay. An exit pupil of 12 mm. is required for the eyes to see the entire visual 
field. An eye relief must be 20 mra for enabling a spectaded user to 1.6-inchtype liquid crystal 

40 panel is used for saving the weight of the display whose diagonal size is 40 mm.. 

The necessary values of a lens dameter and focal length are determined according to the above-mentioned con- 
ditions. To assure the 100-deg-ee visual field from any point of the exit pupil, the lens must have a diameter of 60 mm. 
that is determined according to the following equation. 

45 (Lens Diameter) = (Exit Pupil Diameter) + + 2 * (Eye Relief) * tan[(Visual Field Angle)/2] (1) 

The lens must have a short focal length of 1 6.8 mm., which has been calculated according to the following equation 

(2). 

so (Focal cfistance) = (Panel Diagonal Size)/ 1(2 * tar((Visual Held Angle)/2]) (2) 



55 
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The above-mentioned specification is tabulated below in Table 3. 



[Table 3] 



rtem 


Values 


Diagonal FieJd-of-View 


100° 


Exit Pupil 


12 mm. 


Eye Relief 


20 mm. 


Diagonal Size of Panel 


40 mm. 


Lens Diameter 


60 mm. 


Focal Distance 


16.8 mm. 



Two optical systems which satisfy the above-descrbed requirements are designed, one according to the present 
invention and the other according to the prior art and are compared with each other in their performance. The prior art 

20 device comprises a half-mirror-coated concave mirror 102g and a cholesteric liquid crystal element 106g as shown in 
Fig. 16. As descrbed before, a display image is magnified by the optical power of the concave mirror 102g to produce 
a virtual image that the user views. The concave mirror 102g must be designed to have its curvature radius of 33.6 mm. 
as the focal distance of the optical system must be 1 6.8 rrm. Such a design, however, can not be reaGzed because the 
concave mirror 102g must be of 18.5 mm. in thickness at which Hs focal point F exists inside the mirror. Namely, the 

25 display ran nc4 be placed at the ta^pc^ 

at 22.7 mm. according to the following equation (3). 

(Focal distance) = 2 * (Concave Mirror Thickness) (3) 

30 (Concave Mirror Curvature Radius = 2 * (Focal distance) 

(Concave Mirror Thickness) = 
(Concave Mirror Curvature Radius) - - (Concave Mirror Thickness) 2 - (Lens Radius) 2 
A maximal visual field angle that the prior art device can attain at the shortest focal distance is determined to be 
35 83 degrees which can not satisfy the required specification. 

An optical system which satisfies the same requirements is designed according to the present invention. Fig. 1 7 is 
illustrative of the designed optical system which differs from the prior art system by filling a space between a concave 
mirror 2t and a cholesteric liquid element 6t with an acrylic resin 1t serving as light-refracting means whose refractive 
index is 1 .49. When the optical system has the same conf iguration as that of the prior art system of the maximal visual 
40 field, it can get a focal cfistance of 15.2 mm owing to the effect of refracting means 1t and a visual field angle of 106° 
which is wide enough to satisfy the requirement 

Petzval radii of the prior art device and the device of the present invention are calculated to study degrees of their 
image surface curvature IP. The Petzval radius of the device accorcfing to the present invention is 45.1 mm. while the 
Petzval radius of the prior art device is 22.5 mm. This means that the device according to the present invention is 
45 superior in image quality to the prior art device by a factor oltwa Table 4 is a comparison ta^ 
of the two optical systems. 
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[Table 4] 



Items 


Optical Systems according to: 




Prior Art 


Present Invention 


Diameter 


60 mm. 


60 mm. 


Thickness 


11.35 mm. 


11.35 mm. 


Focal Distance 


22.7 mm. 


15.2 mm. 


Visual Rett Angle 


83° 


106° 


Petzval Racfius 


22.7 mm. 


45.1 mm. 



As is apparent from Table 4, the present invention can provide an optical device which, being of the same size as 
that of the prior art device, has a super wide angle of view that can not be realized by the prior art and assures twice 
the image quality of the prior art Accordingly, a head-mounted display using the optica) system according to the present 
invention, which, as shown in Fig. 18, has an eyeglass-lfte casing containing therein a back Bght 8/, a liquid crystal 
panel Si and an optical device 1/, 6/ cfisposed in the described order, can display an image with such an increased 
effect of realism and intensity as a user could not have experienced with any conventional head-mounted display. 

The present invention is also directed to designing an optical system which is capable of using a cornbtnation of 
rays of light transmitted and reflected from a semi-transparent or selective sernrtransparent mirror according to their 
polarized properties, as opposed to the conventional device using only reflected light The way of realizing the present 
invention is similar to the before-mentioned embodiment 

Figs. 19 and 20 are diagrams for explaining working principles of optical systems, each being an important element 
constituting an optical device accenting to the present invention. 

The optical system shown in Fig. 19 is so designed that two sernrtransparent mirrors 2g and 2'g disposed opposite 
to each other and a ray Li among rays of Bght making one and half rounds therebetween, starting from the radiation- 
side sernrtransparent mirror, by adaptrvely devising the action of the transmission and reflection of the ray with changing 
direction of its polarization. Namely, a thus designed optical system in comparison with the conventional device has a 
light path reduced by a factor of 3 and a three-times increased optical power (magnifying factor) of its refracting means 
since the ray is subjected to the same refracting actions as it passes through three pieces of the refracting means 1g. 

The optical system shown in Fig. 20 includes two sernrtransparent mirrors 2h and 2h disposed opposite to each 
other, either one or both of which may be a curved mirror (2h in this case) or curved mirrors. These mirrors 2h, 2Ti are 
adaptively designed in view of the polarizing direction of fight in the optical system. By doing so, it is possWe to Bghten 
the load of the refracting means 1 h used between the sernrtransparent mirrors 2h, 2h. The optical design becomes more 
flexible. The weight of the optical system can be saved (generally by giving the necessary curvature to the sernrtrans- 
parent mirrors 2h and 2t» rather than the refracting means 1f). 

However, the optica) systems of Figs. 19 and 20 are mimical ly illustrated for convenience of explanation of their 
basic actions and therefore can not be practically used as they are because, besides the necessary rays, there may be 
other rays directly passing the sernrtransparent mirrors and making more than 2.5-round trips, causing ghosting and a 
halation of the imaga Optical systems of the embodiments of the present invention, which has solved the above-men- 
tioned problems, wfll be described below in detail. 

Referring to Fig. 21 (C), an optical system embodying the present invention is first descrbed according to the same 
definitions on coorcfinate axes and rotation angle as determined before (see Figs 21 (A) and 21 (B)). 

The optical system of Fig. 21(C) comprises a first polarizer plate 4i, a first sernrtransparent plate 2i, a refracting 
means 1 i, a first quarter-wave plate 5i, a second sernrtransparent plate 21, a second quarter-wave plate 51 and a second 
polarizer plate 41, which are arranged in the descrbed order from the left (incident side as see the fl lustration) in such 
a way that respective optical elements are included in a x-y plane and are normal to an optical axis Ax of the optical 
system. The first and second polarizer plates 4i and 41 are disposed so that polarized light passing therethrough may 
be in the y-axis direction, and the first and second quarter-wave plates 5 and 51 are disposed so that their crystal axes 
may form an angle of -45° to the y-axis. 

Reflection and transmission of a ray of incident fight in the shown optical system are as follows: 
Light having entered from the left side into the first polarizer plate 4i is converted to light linearly polarized in the 
direction of the y-axis. The polarized light passes the first sernrtransparent mirror 2i and the refracting means 1i (first 
pass). When the fight futher passes the first quarter-wave plate 5i. it is converted to circularly polarized fight which is 
then divided by the second sernrtransparent mirror 21 into two groups of rays: one group Li directly passes therefrom 
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and the other youp LI is reflected thereat The directly transmitted light Li is converted again by the second quarter- 
wave plate 51 to finearty polarized light Since the f irst and second quarter-wave plates 5i and 51 have their crystal axes 
in the same direction, the directly transmitted light has been subjected to the same polarization it would have if passing 
through a haH-wave plate, and the final direction of this linearly polarized light is rotated by 90° to coincide with the 
direction of x-axis. Namely, the linearly polarized light changes its polarization direction by 90° when it passed through 
two quarter-wave plates and, therefore, is then absorbed by the second polarizer plate 41. Impairment of a cfisplay image 
by the directly transmitted light Li can be thus prevented. 

On the other hand, the light LI reflected by the second semitransparent minor 21 passes again the first quarter- 
wave plate 5i being converted to light linearly polarized in the x-axis cfirection. The linearly polarized light then passes 
again (second pass) the refracting means 1i and reaches to the first semitransparent mirror 2i by which it is reflected 
again as is linearly polarized in the same x-axis cfirection (since the Direction of its polarization can not be changed by 
reflection). The light passes the refracting means 1i (third pass) and then passes the quarter-wave plate 5 being con- 
verted to circularly polarized light whose rays are then cfivided by the second semitransparent mirror 21 into two groups: 
one group LI passes therethrough and the other group ts reflected thereat. The passing light LI is converted by the 
second quarter-wave plate 51 to linearly polarized light whose direction meets with y-axis because the light has passed 
through the quarter plates 5 by two times more than the directly transmitted light Li. 

Consequently, the light L*1 passes the second polarizer plate 41 and will be used by an optical device or by an 
observer. The fight reflected at the second semitransparent mirror 21 (Oke the previously reflected light) travels between 
the semitransparent mirrors and returns to the second semitransparent mirror 21 and passes therethrough. The fight 
has passed two times through the quarter-wave plate 5i and been polarized in the x-axis cfirection, and hence is absorbed 
by the second polarizer plate 41. Impairment of a display image by the 2.5-round traveled light can be thus prevented. 

The light emitted from the shown optical system for further use in an optical device is defined as signal light and 
other light that may impair an image is defined as noise fight Table 5 shows the results of further examination of light 
rays passing the semitransparent mirrors of the optical system. 



[Table 5] 



Number of round trips of fight 
between two semitransparent 
mirrors or circularly polarized 
light selecting semitranspar- 
ent mirrors 


Kinds of Light 


Intensity Ratio to Inci- 
dent Light (Transmis- 
sion Efficiency) 


Intensity Ratio to Signal Light 


0.5 


Noise (Direct light) 


0 


0 


1.5 


Signal 


1/16 


1 


2.5 


Noise 


0 


0 


3.5 


Noise 


1/256 


1/16 


4.5 


Noise 


0 


0 



As is apparent from Table 5, light rays having made 0.5- , 2.5- and 4.5-round trips are all absorbed in the polarizer 
plate 41 and light rays having made 1.5- and 3.5-round trips pass therethrough without being absorbed. The light having 
made 1 .5-round trips is necessary signal fight and the fight having made 3.5-round trips is noise light that scatters during 
its round tnps and attenuates to the extent of 1/16 in relation to signal light intensity. Namely, the largest noise tight is 
limited in its intensity to 1/16 of the signal light The effect of the noise light on a display image can be thus minimized. 

The similar optical system according to the present invention can be realized by using thin fflms of cholesteric Bquid 
crystal, which is shown in Fig. 22. In the shown system, a cholesteric liquid crystal film 6m is intended to reflect clockwise 
circularly polarized light R and to transmit therethrough counterclockwise circularly polarized light L Linearly polarized 
incident light from the left side (as see the illustration) comes into the optical system, wherein it is converted by a quarter- 
wave plate 5m to clockwise circularly polarized figfrrt R, makes 1 .5-round trips between a half- mirror 2m and a cholesteric 
liquid crystal film 6m and finally passes the latter to the right The light has passed the refracting means 1 m three times 
to receive the same refracting actions that it may receive when passing three pieces of the refracting means, ft is possible 
to change the described direction of the polarized fight and the described rotating direction of the circularly polarized light 

Referring to Figs. 23(C) and 24, an optical system embodying the present invention will be described below, using 
the same definitions on coordinate axes and rotation angle as determined before (see Figs. 21 (A) and 21 (B)). 

The optical system of Fig. 23(C) comprises a liquid crystal display 9j, polarized light selecting semitransparent minor 
3j, a refracting means 1j, a first quarter-wave plate 5j, a semitransparent plate 2j, a second quarter-wave plate 51 and 
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apotarizer plate 4j which are arranged in the described order from the left (incident side as see the illustration) in such 
a way that respective optical elements ar included in a x-y plane and are normal to an optical axis Ax of th optical 
system. In Fig. 23(C), E denotes the eyes of an observer. The polarized fight selecting sernrtransparerrt mirror 3j and 
the polarizer plate 4j are disposed so that polarized light passing therethrough may be in the y-axis direction, and the 
fust and second quarter-wave plates 5j and 51 are disposed so that their crystal axes may make an angle of -45° with 
the y-axis. 

This optical system differs from the optical system of Fig. 21 by that it uses the polarized light selecting sernrtrans- 
parerrt mirror 3j in place of the first polarizer plate 4 j and semrtransparent mirror 2iof the system of Fig. 21. As shown 
in Fig. 25. the polarized Tight selecting se mi transparent mirror 3j is a mirror that transmits 1 00% of fight linearly polarized 
in a specified direction and reflects 100% of Tight Gneariy polarized in a perpendicular thereto direction. For example, 
the light selecting semrtransparent mirror 3j of Fig. 25 transmits horizontal ry polarized light Li and reflects vertically 
polarized fight LI relative to the illustration. 

This polarized fight selecting semrtransparent mirror 3 can be manufactured by using the same principle of making 
a metal-wire grating which is a frame-tike element with dose equally spaced parallel metal wires 40. It was developed 
for use in experiment on polarization of radiowaves. The metal-wire grating functions as a polarizing element when a 
clearance between metal wires is distinctly shorter than the radiowave length and the wire material has a radio-wave 
reflecting property. The grating reflects polarized light whose direction is parallel to the row of the metal wires and trans- 
mits polarized fight whose Erection isperpendkxdartotherowof the metal wires. Other element can similarly work with 
light if it has a row of parallel metal wires with spatingtistinctiy shorter than T^ 

light selecting semrtransparent mirror which reflects polarized fight whose direction is parallel to the row of wires and 
transmits polarized G#it whose direction is perpendicular to the raw of wires. 

There are two practical methods for manufacturing the above-mentioned polarized-light selecting semrtransparent 
mirror. Trie first method is to form a thin film with a row of parallel aligned thereon metal whiskers (very fine wires). This 
method has been already used for manufacturing polarizing plates for infrared rays. The second method is to etch a 
pattern of grating with a row of fine wires on a substrate by using photolithographic technology developed for manufac- 
turing ICs and liquid crystal panels. At present it is possftxe to etch lines of 20 nm each in width by this method. Accord- 
ingly, a pattern of parallel wires equally spaced at spacing distinctly shorter than wavelength of visfcle light can be 
obtained. Fig. 27 is an enlarged view of a polarized-light selecting semi transparent mirror manufactured by the photo- 
lithographic method. Fine metal wires 51 made of metal, ag. aluminium, are formed on a light-transmission glass- 
substrate 50. A space D between metal wires 51 is required to be not more than 100 nm because it must be shorter 
than the wavelength of the visfcle fight. 

Referring now to Fig. 23, reflection and transmission of light in the optical system will be descrfoed in detail as follows: 
Light from the liquid crystal cfisplay 9j is supposed as polarized in the y-axis direction. The Gneariy polarized light 
passes first the polarized-light selecting semi- transparent mirror 3j and then the refracting means 1 j (first pass). When 
the Tight further passes through the first quarter-wave plate 5j, it is converted to circularly polarized light which is then 
divided by the second semi- transparent minor 2] into two groups of rays: one group Li directly passes therethrough 
and the other group LI is reflected thereat The directly transmitted fight Li is converted again by the second quarter- 
wave plate 5*j to linearly polarized light Since the first and second quarter-wave plates 5j and 5] have their crystal axes 
being in the same direction, the directly transmitted light has been subjected to the same polarization as if it had passed 
through a half-wave plate, and the f inal direction of this Gneariy polarized light is rotated by 90° to coincide with the x- 
axis direction. Namely, the Gneariy polarized light changes its polarization direction by 90° when it passed two quarter- 
wave plates and, therefore, is then absorbed by the second polarizer plate 4]. Impairment of a display image by the 
directly transmitted fi^rt Li can be thus prevented. 

On the other hand, the fight LI reflected by the second semrtransparent mirror 2] passes again through the first 
quarter-wave plate 5j, being converted to light linearly polarized in the x-axis direction. The linearly polarized light then 
passes again (second pass) the refracting means 1 j and reaches the polarized-light selecting sernrtransparerrt mirror 3j 
by which it is reflected again as is Gneariy polarized in the same x-axis direction (since the direction of its polarization 
can not be changed by reflection). The Gght passes the refracting means 1 j (third pass) and then passes the first quarter- 
wave plate 5j, being converted to circularly polarized Gght whose rays are then divided by the second semi transparent 
mirror 2] into two groups: one group LI passes therethrough and the other group is reflected thereat The passing light 
LI is converted by the second quarter-wave plate 5] to Gneariy polarized Ggfrt whose direction meets with y-axis because 
the light has passed through the quarter plate 5j by two times more than the directly transmitted fight U. Consequently, 
the light passes the second polarizer plate 4] and falls on eyes E of an observer. The Gght reflected at the second semi- 
transparent mirror Z] (Gke the previously reflected light) travels to the polarized-light selecting semrtransparent mirror 3j 
and passes therethrough because it is polarized in the y-axis direction, and hence is absorbed by the liquid crystal 
display 9j. Impairment of a display image by th excessively reflected Gght can be thus prevented. 

As described above, in the shown embodiment of the present invention, Tight passes three times the refracting 
means 1 j which may, therefore, exert three-fold optical power. In practice, a conventional optical system using only optical 
elements must include three lenses as shown in Fig. 24 to attain the same optical power of the optical system of Fig. 
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23. As compared with the conventional optical system of Fig. 24, which receives light from a liquid crystal display and 
lead It through three pieces of optical lenses 101f, 1011 and 1011. the optical system of Fig. 23 according to the present 
invention may reafize a considerable saving in length of its optical path and saving in weight by a factor of 3 owing to 
the effect of reduced number of lenses. This advantage is realized in an optical system with an enlarged visual field 
angle by using a lens of a larger diameter. Consequently, the optical system according to the present invention is par- 
ticularly effective for producing a compact and light weight display having a wide angle of view. 

Table 6 shows the results of further examination of the transmission efficiency of light rays traveling back and forth 
between the polarized-light selecting semitransparent mirror 3j and the semitransparent mirror 2j of the optical system, 
and the intensity of noise right 



[Table 6) 



Number of round trips of Eght 
between two semitransparent 
mirrors or circularly polarized 
light selecting semitranspar- 
ent mirrors 


Kinds of Light 


Intensity Ratio to Inci- 
dent Light (Transmis- 
sion Efficiency) 


Intensity Ratio to Signal Light 


0.5 


Noise (Direct light) 


0 


0 


1.5 


Signal 


1/4 


1 


2.5 


Noise 


0 


0 


3.5 


Noise 


0 


0 


4.5 


Noise 


0 


0 



As is apparent from Table 6, advantages of this embodiment ever the preceding embodiment illustrated in Fig. 21 
are as follows: the first advantage is that the ratio of signal light to incident fight (i.a, transmission efficiency of the signal 
light) is increased by using a polarized-light selecting semitransparent mirror in place of a semitransparent mirror. The 
signal ratio of this embodiment is 1/4 whereas the signal ratio of the preceding embodiment illustrated in Fig. 21 is 1/1 6. 
Namely, the transmission eff iciency of this embodiment is 4 times higher than that of the embodiment illustrated in Fig.2 1 . 
The second advantage is that this embodiment can eliminate all noise light whereas the embodiment illustrated in Fig. 
21 allows noise Bght to remain in the ratio 1/16 to signal fight. 

Referring Fig. 28(B), another optical system embodying the present invention will be described as follows: 
The optical system of Ftg. 28(B) comprises a first polarized-light selecting semitransparent mirror 3k, a refracting 
means 1k, a polarization plane rotating means 60k and a second polarized-light selecting semitransparent mirror 3X 
which are arranged in the described order from the incident side (the left side when viewing the illustration). It is assumed 
that the polarization plane of light transmitted through the first polarized-light selecting semitransparent mirror 3k is 
confined to the y-axis direction (Fig. 28(A)) and the polarization plane of light transmitted through the second polarized- 
light selecting semitransparent mirror 31c is confined to the direction making an angle of 135° with the y-axis direction. 
The polarization plane rotating means 60k is intended to clockwise rotate the polarization plane of light by 45° about an 
optical axis when viewing along the direction of light path. 

Thepolarization plane rotation may be realized by using, for example, a Faraday rotation element which is an element 
made of an isotropic medium such as a homogeneous lead glass 71 placed in a magnetic field as shewn in Fig. 29 and 
which can rotate the plane of polarization of linearly polarized light incident thereon parallel to the magnetic field, the 
extent being proportional to the intensity of said magnetic field. 

In Fig. 28(B), incident light from the left of the illustration passes the first polarized-light selecting semitransparent 
mirror 3k wherein it is converted to linearly polarized Dght whose polarization plane is confined to the y-axis direction. 
The Gnearty polarized light passes the first refracting means 1k (the first pass) and then the polarization plane rotating 
means 60k whereby its polarization plane is turned to make an angle of 45° with the y-axis. The light is then reflected 
completely by the second polarized-light selecting semitransparent mirror 3*k because the latter is set to transmit polar- 
ized light whose polarization plane makes an angle of 135° with the y-axis. Therefore, no cfirect fight is transmitted. The 
reflected light Li passes again through the polarization plane rotating means 60k whereby its polarization plane turned 
to an angle of 90°. The fight passes the refracting means 1 k (the second pass) and returns to the first polarized-light 
selecting serrritransparerrt mirror 3k whereby it is completely reflected because said mirror 3k is set to transmit the light 
whose polarization plane is at an angle of 0°. Therefore, no loss of the light is caused thereat The reflected fight passes 
the refracting means 1k (the third pass) and th polarization plane rotating means 60k whereby its polarization plan is 
rotated to 135°. The light is then transmitted through the second polarized-light selecting semitransparent mirror 3Tt 
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Table 7 shows the results of further examination of the transmission efficiency of light rays traveling back and through 
between two polarized-light selecting semitransparent mirrors 3k and 31c of the optical system and the intensity of noise 
light 



[Table 7] 



Number of round trips of light 
between two semitransparent 
mirrors or circularly polarized 
light selecting semitranspar- 
ent mirrors 


Kinds of Light 


Intensity Ratio to Inci- 
dent Light (Transmis- 
sion Efficiency) 


Intensity Ratio to Signal Light 


0.5 


Noise (Direct light) 


0 


0 


1.5 


Signal 


1 


1 


2.5 


Noise 


0 


0 


3.5 


Noise 


0 


0 


4.5 


Noise 


0 


0 



As is apparent from Table 7, advantages of this embocfiment over the previously descrtoed embedments illustrated 
in Figs. 21 and 23 are as follows: thef irst advantage is that ratio of signal light to incident light (i&. transmission efficiency 
of the signal tight) is improved to 1 (1 00%) while the signal ratio of the embodiments illustrated in Figs. 21 and 23 is 1 At 6 
and 1/4 respectively. The second advantage is that this embodiment can eliminate all noise fight like the embocfiment 
illustrated in Fig. 23. 

The features of the optical systems in the embodiments are such that the refracting means can exert three times 
the optical power, thereby a thin and light-weight device having a high optical power can be easily realized by adopting 
therein an adequate one of the proposed optical systems. Since light from a liquid crystal display is D nearly polarized 
light, it can be effectively used by aligning the incident-side polarizing plate or polarized-light selecting mirror with its 
transmission direction meeting with the polarization plane of the light from the liquid crystal display. 

This embocfiment is similar in structure to the embodiments illustrated in Figs. 21, 23 and 28 and characterized in 
that a polarized-light semitransparent mirror having a function of a semitransparent mirror or a semitransparent mirror 
itself is made to have a curved surface. This embodiment is also similar to the embodiments illustrated in Figs. 1 to4 in 
that a curved surface of a lens (refracting means) is coated with a half -mirror coating and Bght to be transmitted is 
selected by a polarized-light selecting semitransparent mirror. Accordingly, common elements illustrated in Figs. 1 to 4 
ar also applicable to this embodiment The effects of the above-mentioned features of this embodiment are apparent 
from the description made for the embocfiment illustrated in Fig. 1. 

Accordingly, a small-sized optical system of this embodiment is particularly suited to use in a head-mounted display. 
Fig. 30 is illustrative of a head-mounted display wherein the optical device of the present invention is applied 

The head-mounted display is an eyeglass-like case 1 0a wherein all components are contained. The head-mountabte 
eyeglass-like case 1 0n contains, in each of two portions corresponding to the two lenses of eyeglasses, a back light 8n, 
liquid crystal panel 9n, a polarized-light selecting semitransparent mirror 3n, lens 1n, a first quarter-wave plate 5n, a 
semitransparent mirror 2n, a second quarter-wave plate 5h art a polarizer p&^ 

outside. An image from the Gquid crystal display through the above-mentioned optical system reaches an observer's 
eyes. The head-mounted display must be designed to be comfortable to use by reduc^ 

of the lens portion) and weight (with a minimal load to the user's tare). Su^ head-mounted 
display can be realized by using the optical device according to the present invention, which is featured by its wide field- 
of-view and thickness reduced by a factor of 3 as compared with the conventional optical device. 

The following description uses the same definitions on coordinate axes and rotation angle as determined befora 
The crystal axis of a quarter-wave plate is defined as follows: A polarized fight component being normal to the crystal 
axis is defined as delayed from a polarized light component that is parallel to the crystal axis, by one quarter wavel ength. 

Fig. 31(C) is illustrative of an embodiment of the present invention, which comprises a concave mirror 12p coated 
with a layer of cholesteric liquid crystal, a first quarter-wave plate 5p, a Faraday element 60p. a second quarter-wave 
plate Sp and a thin film of cholesteric liquid crystal 6p, which are disposed in the described order from the left. The 
following conditions ar now supposed: the cholesteric liquid crystal transmits therethrough clockwise circularly polarized 
light and reflects counterclockwise circularly polarized light The crystal axis of the first quarter-wave plate 5p is directed 
to the x-axis (90°) and the crystal axis of the second quarter-wave plate 5*p is directed at an angle of 135°. The Faraday 
element 60p is intended to rotate by 45° the polarization plane of linearly polarized light. Incident light from the display 
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is clockwise circularty polarized light These conditions, however, are assumed only for the sake of explanation and do 
not eliminate the posstoifity of applying a combination of different parameters that may similarly function in principle. 
Although Fig. 31 (C) illustrates the elements separately from each other for the sake of explanation, they may be assem- 
bled in dose contact with each other to form a thin integral unit 

s Light enters from the left into the optical system shown. This incident light is clockwise circularly polarized and 
therefore passes a concave mirror 12p coated with a cholesteric liquid crystal and then the first quarter-wave plate 5p. 
It emerges therefrom as linearty polarized fight whose plane of polarization is at an angle of 45°. The linearly polarized 
light is subjected to rotation of its polarization plane further by 45° and emerges therefrom with its polarization plane 
making an angle of 90°. The linearty polarized light is then converted to counterclockwise circularty polarized light when 

10 passing the second quarter-wave plate 5^> whose crystal axis is directed at 135°. This light is reflected by the cholesteric 
liquid crystal element 6p and enters as is counterclockwise circularly polarized into the second quarter-wave plate 
wherefrom it emerges as linearly polarized light with polarization plane directed at 90° which is further converted by the 
Faraday element 60p to linearty polarized fight whose polarization plane being at 1 35°. The light passes the first quarter- 
wave plate 5p, being converted to counterclockwise circularly polarized light 

is The counterclockwise circularty polarized Gght from the first quarter-wave plate 5p is magnified and reflected by the 
concave mirror 12p coated with cholesteric liquid crystal and then enters as counterclockwise circularty polarized light 
into the first quarter-wave plate 5p. This light is converted to clockwise polarized fight through the optical actions of the 
first quarter-wave plate 5p, the Faraday element 60p and the second quarter-wave plate JTp and reaches to the cholesteric 
liquid crystal element 6p which in this case transmits the clockwise circularly polarized light The fight passes the element 

20 6p and taQs onto the user's eyes. The user can see a magnified virtual image of the display. 
Referring to Fig. 32, the above-mentioned process is analyzed as follows: 
The function of a composite element cc<isistir>g of a first quarter-wave plate 5r (Spin Ftg. 31), a Faraday element 
60r (60p) and a second quarter-wave plate 5*r (5*p) may be considered to reverse the rotation direction of circularty 
polarized light passing therethrough from the left and keep the rotation direction of circular polarized figfrt passing there- 

25 through from the right The combination of the thus functioning optical unit with the cholesteric liquid crystal element 6p 
(Fig. 31) can produce the following effects: 

tn the previously descrfoed conventional device, Gght passes one time the half -mirror-coated concave mirror and 
is reflected one time thereat, being lost by half at each time Consequently, total transmission efficiency of the device is 
25% even under ideal conditions (without further loss of light). On the contrary, the aJbcve-described embodiment of the 

30 present invention can attain a complete transmission efficiency of 100% since no loss of Gght takes place in an ideal 
cholesteric liquid crystal element 6p. Namely, it can provide an optical image whose brightness is 4 times that of the 
conventional device. Application of the optical system of this embodiment in a head-mounted display may make it possible 
to reduce the brightness of the display by a factor of 4 as compared with the conventional device and to realize corre- 
sponding savings in size and weight of the head-mounted display. 

35 Namely, a head-mounted display must be designed to be comfortable to use by saving in size (with a minimal 
protrusion of the lens portion) and in weight (with a minimal load to the user's face). Such a comfortable thin-and-tight 
head-mounted display can be realized by using the optical device according to the present invention, which is featured 
by its wide field-of-view and reduced thickness (1/4 in case of Fig. 12(A) as compared with the conventional optical 
device). 

40 Fig. 33 is illustrative of an embodiment of the present invention, which is defined in claim 12. This embodiment 
comprises a plano-convex lens 1s with a coat of cholesteric liquid crystal appGed onto its convex surface 12s, a first 
quarter-wave plate 5s facing to the plane surface of the lens 1s, a Faraday element 60s, a second quarter-wave plate 
5's and a cholesteric liquid crystal element 6s. Namely, this embodiment is a combination of the means of the two 
preceding embodiments and has advantages of said embodiments. Using the plano-convex lens 1s reduces the curva- 

45 ture of an image plane, brings its peripheral portion into focus and increases the magnification and visual field angle of 
the optical system. Using the Faraday element 60s increases the transmission efficiency of the optical system which 
may provide a bright image In particular, a head-mounted display using the optical system having these features may 
produce images with a considerably increased power of presence. 

The descrfoed embodiment of the present invention realizes an ideal transmission efficiency of near 100% and can 

so provide an image whose brightness is 4 times that of the conventional system. 

In the preceding embodiments, a thin film of cholesteric liquid crystal on the convex surface of the plano-convex 
lens instead is formed by the following method: 

A mixed solution of cholesteric liquid crystal monomer and initiator for polymerization by ultraviolet raalation is 
prepared and applied uniformly to the convex surface of the plane-convex lens. A thin coat of the mixture is then subjected 

55 to irradiation by ultraviolet rays. The cholesteric liquid crystal polymerizes to form a solid film on the convex surface of 
the lens. 

The Faraday element 60s is realized by placing a thick fOm of ferromagnetic material in a magnetic field. The Faraday 
element 60s thus constructed is used mainly in a so-called "isolator" element that allows a laser beam to pass in one 
direction but shuts off a laser beam in the reverse direction. 
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An optical device according to the present invention can selectively reflect and transmit incident circularly polarized 
light by rircularty polarized-light selecting semitransparent mirror and causes the Bght to make 1 .5-round trips between 
the reflecting-refracting element and the rircularty polarized-light selecting semitransparent mirror, thereby attaining an 
increased optical power (magnification) of its refracting system and a widened visual angle and realizing savings in siz 
(thickness) and weight of the optical device. 

An optical device according to the present invention provides an embodiment of the rircularty polarized-light selecting 
sen tr ansparent mirror which is composed of a quarter-wave plate, a half-mirror and a polarizer, thereby easily attaining 
an increased optical power (magnffication) of its refracting system and a widened visual angle and realizing savings in 
size (thickness) and weight of the optical device, since the above-mentioned components are all manufactured to be 
sufficiently thin by the existing technology. 

An optical device according to the present invention can realize the provision of an optical system having an 
increased brightness by using a cholesteric liquid crystal as a rircularty polarized-light selecting semitransparent mirror. 

An optical device according to the present invention is capable of providing the optical system more compact and 
stable by using a glass substrate in combination with the reflecting-refracting element for sandwiching cholesteric liquid 
crystal therebetween to form an integral block. 

An optical device according to the present invention uses a plano-convex lens having a half-mirror coated convex 
surface and a cholesteric liquid crystal adjacent to a plane surface of the plano-convex lens in place of the reflecting- 
refracting means, thereby realizing a more compact optical system. 

An optical device according to the present invention can reafize a nmecorrpact art 
a thin film of cholesteric liquid crystal on a plane of the plano-convex lens. 

A head-mounted display according to the present invention is a combination of a liquid crystal cfisplay with any one 
of the optical devices illustrated in Figs. 1 to 4, which can satisfy the essential requirements altaving mounting on the 
head of a user owing to employment of the thin compact light-weight optical device, ft has a widened visual angle as 
compared with the conventional head-mounted cfisplay and can provide a high-quality image without curvature, which 
may attract an observer as if he presents therein. 

An optical device illustrated in Fig. 21 is capable of linearly polarizing incident Bght by a first polarizer plate; selectively 
transmitting the linearly polarized light by a second polarizer plate according to the direction of polarization plane and 
causing the light to make 1.5 round trips between two semitransparent mirrors by the action of two quarter-wave plates 
before transmitting the second polarizer plate. The optical device thus constructed features an increased optical power 
(magnifying factor) of the refracting element and a widened visual field, realizing at the same time savings in size (thick- 
ness) and weight 

An optical device illustrated in Fig. 23 uses a polarized-light selecting semitransparent mirror in place of the polarizer 
plate and first semitransparent mirror in the embodiment illustrated in Fig. 21 and, in addition to the effects of the embod- 
iment illustrated in Fig. 21, can attain an improved ratio of signal light to incident light (transmission efficiency) and 
eliminate a noise light produced by the device illustrated in Fig. 21 . 

An optical device illustrated in Rg. 23 is capable of converting incident light to specified linearly polarized light by a 
first polarized-light selecting semitransparent mirror and selectively transmitting 100% of the linearly polarized light by 
a second polarized-light selecting semitransparent mirror according to the direction of polarization plane, thereby its 
transmission efficiency is much increased as compared with the devices illustrated in Figs. 21 and 23 and no noise light 
is produced. 

An optical device, in which a curved surface of a lens (refracting means) is coated with a half-mirror coat and light 
to be transmitted is selected by a polarized-light selecting semitransparent mirror, has the same effects as those of the 
devices Dlustrated in Figs. 6 and 7 excepting that it may realizes expected effects with any incident G#rt with no condition 
of its polarized state Eke devices illustrated in Figs. 21 , 23 and 28 whereas incident light is defined to be rircularty 
polarized in the embodiments illustrated in Rgs. 6 and 7. 

An optical device illustrated in Fig. 31 has a concave mirror with a thin film of a cholesteric liquid crystal formed on 
the incident surface thereof, said thin f Dm working as a rircularty polarized-light selecting semitransparent mirror when 
incident light is rircularty polarized Bght, and a cholesteric liquid crystal at the exit side for selectively reflecting or trans- 
mitting 100% of the Bght, thereby its optical system attains a high brightness. 

An optical device iDustrated in Rg. 33 has a plano-convex mirror with a thin f3m of a cholesteric liquid crystal in place 
of the concave mirror of the device illustrated in Rg. 31 . It may attain an increased optical magnification with a decreased 
curvature of the image in comparison with the device illustrated in Rg. 31. 

A head-mount cfisplay accord ng to the present invention, which is a combination of a liquid crystal cfisplay and any 
one of the optical devices illustrated in Rgs. 21, 23, 28 and 31. The head-mount display thus constructed can satisfy 
the important essential requirements allowing mounting on the head of a user owing to employment of the thin corrpact 
light-weight optical device, ft has a widened visual angle as compared with the conventional head-mounted display and 
can provide a high-c^tality image without curvature, which may attract an observer as if he is drawn therein. 
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A head-mounted display according to the present invention, which uses a pair of th image display units illustrated 
in erther of the embodiments in Figs. 10 and 31 and can be most suitably used for presenting an image of virtual reality 
or an image for remote control. 

Claims 

1. An optical device wherein a reflecting and refracting element (1a, 1b. 1c, 1e. 1f, 11, 1t ) having a half -mirror coating 
layer (2a, 2b, 2c, 2e, 2f, 2t) and a serratransparerrt mirror (3a, 3b, 6b, 6e, 6f , 6t) for selecting circutarty polarized light 
are arranged successively in the described order from the incident light side. 

2. An optical device as defined in claim 1, characterized in that the semitransparerrt mirror for selecting circularly 
polarized Gght (3a) is composed of a quarter-wave plate (5), a half-mirror (2) and a polarizer (4), which are disposed 
in the described order from the incident light stda 

3. An optical device as defined in claim 1, characterized in that the semitransparerrt mirror for selecting circularty 
polarized light is composed of a cholesteric liquid crystal (6b, 6e, 6f, 6t). 

4. An optical device as defined in claim 3, characterized in that a glass substrate (7b) is disposed for sandwiching a 
cholesteric liquid crystal (6b) between it and the reflecting and refracting element (1b). 

5. An optical device wherein a plano-convex lens (1b, 1e, 1f, 1t) having a half-mirror coated convex surface (2b, 2e. 
2f, 2t) and a cholesteric Bquid crystal (6b, 6e, 6f, 6t) adjacent to the plane surface of the plano-convex lens are 
arranged successively in the descrfoed order from the incident light side. 

6. An optical device as defined in claim 5, characterized in that the cholesteric liquid crystal is a thin f Dm of cholesteric 
liquid crystal (6f) formed on the plain surface of the plano-convex lens (1f). 

7. A head-mounted display comprising an image display device which is composed of a liquid crystal display (9c, 9d, 
91), a back light (8c, 8d, 81) for the liquid crystal display, a quarter-wave plate (5c 5d) and an optical device for 
magnifying an image of the liquid crystal cfisplay (9c, 9d, 91), said optical device being defined in any one of claims 
1 to 6. 

8. An optical device wherein a first polarizer (4i), a first semitransparerrt mirror (2i), a first quarter-wave plate (5i), a 
second se mi tr ansp arerrt mirror (21), a second quarter-wave plate (51), and a second polarizer (41) are successively 
arranged in the described order from the incident light side and a refracting element (1i) is further inserted between 
the first semi transparent mirror (20 and the second semitransparerrt mirror (21). 

9. An optical device wherein a serratransparerrt mirror (3D for selecting polarized fight, a first quarter-wave plate (5j), 
a semitransparent mi rror (2 j) and a second quarter-wave plate (5D are arranged successively i n the d escrfoed order 
from the incident light side and a refracting element (1j) is further inserted between the polarized light selecting 
semitransparent mirror (3j) and the semitransparent mirror (2j). 

1 0. An optical device wherein a first se mi tra n sparent mirror (3k) for selecting polarized light a polarizing direction rotating 
means (60k) and a second semitransparent mirror (3T<) for selecting polarized light are arranged successively in 
the described order from the incident light side and a refracting element (1k) is further inserted between the first 
semi transparent mirror (3k) for selecting polarized light and the second semitransparent mirror (31<) for selecting 
polarized light 

11. An optical device as defined in. any of claims 8 to 10, characterized in that either one or both of the two semrtrans- 
parent mirrors (2i, 21, 2j), the two semitransparent mirrors (3j, 3k, 31*) for selecting polarized light or the semitrans- 
parent mirror (2i, 21, 2j) and the semitransparent mirror (3j, 3k, 3*k) for selecting polarized light is curved. 

12. An optical device wherein a concave mirror (12p) having a formed thereon a thin film of cholesteric liquid crystal, a 
first quarter-wave plate (5p), a Faraday element (60p), a second quarter-wave plate (5» and a cholesteric liquid 
crystal (6p) are arranged successively in the described order from the incident light side. 

13. An optical device wherein a plano-convex mirror (1s) having a thin fflm of a cholesteric liquid crystal (12s) formed 
on its convex incident surface, a first quarter-wave plate (5s) adjacent to the plane surface of the plano-convex mirror 
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(1s), a Faraday element (60s), a second quarter-wave plate (5*s) and a cholesteric OqukJ crystal (6s) are arranged 
successively in the described order from the incident light side. 

14. A head-mounted display comprising an image display device which is composed of a liquid crystal display (9n), a 
back light (8n) for the liquid crystal display and an optical device (In, 2n, 3n, 4n, 5n, 5Yi) for rna&irfying an image 
of the liquid crystal display, said optical device being defined in any one of claims 8 to 13. 

15. A head-mounted display as defined in any of claims 7 and 14, characterized in that a pair of the image cfisplay 
devices is used. 

16. A head-mounted display unit with an optica) device for projecting a magnified image into the eyes of the user, said 
device being arranged such that fight having passed once forward Jy through a magnifying refraction element is 
reflected back into said element by a polarization-selective semi transparent reflector, and then again forwardly. 
whence it passes forwardly through said reflector toward the eyes of the user. 
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